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(57) Abstract 



A zirconium alloy which imparts good creep strength, while also providing favorable neutron cross section, improved cor- 
rosion resistance, low hydrogen uptake and good fabricability is described which contains vanadium in a range of from a measu- 
rable amount up to 1.0 wt%, wherein either limit is typical ; niobium in a range of from a measurable amount up to 1.0 wt%, wher- 
ein either limit is typical; antimony in a range of from a measurable amount up to 0.2 wt%, wherein either limit is typical; 
tellurium in a range of from a measurable amount up to 0.2 wt%, wherein either limit is typical; tin in a range of from a measu- 
rable amount up to 0.5 wt%, wherein either limit is typical; iron in a range of 0.2 to 0.5 wt%, typically 0.35 wt%; chromium in a 
range of from 0.1 to 0.4 wt%, typically 0.25 wt%; silicon in a range of 50 to 200 ppm, wherein either limit is typical; and oxygen in 
a range of from a measurable amount up to 2200 ppm, wherein either limit is typical and the balance zirconium. 
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CREEP RESISTANT ZIRCONIUM ALLOY 

BACKGROUND OF THE INVENTION 

This invention relates to alloys for use in light water 
nuclear reactor (LWR) core structural components and fuel 
claddings. More particularly, this invention relates to a 
zirconium alloy with second phase vanadium precipitates which are 
stable with respect to neutron exposure and high temperature 
exposure. Still more particularly, this invention relates to a 
zirconium alloy having stable second phase vanadium precipitates, 
while containing tin levels below that of conventional zirconium 
alloys and various additional alloying elements. This alloy is 
designed to function at high coolant temperatures and discharge 
burn-ups and to provide acceptable levels of creep resistance, 
neutron cross section, corrosion resistance, hydrogen uptake and 
fabricability. 

DESCRIPTION OF THE PRIOR ART 

Zirconium alloys are used in fuel rod claddings and in 
fuel assembly structural components of nuclear reactors (e.g., 
guide or thimble tubes, grid strips, instrument tubes, and so 
forth) because they exhibit a low neutron cross section, good 
corrosion resistance against high pressure/high temperature steam 
and water, and good mechanical strength and fabricability. 
Zirconium alloys, particularly those commonly known as Zircaloy-2 
and Zircaloy-4, have also been used in LWR cores because of their 
relatively small capture cross secti n for thermal neutrons. 
*'Zircaloy" is a common name for zirconium-tin alloys. Zircaloy- 
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4 1 for example, has 0.18 to 0.24 percent by weight (wt%) iron, 
0.07 to 0.13 wt% chromium, oxygen in the range of from 1000 to 
1600 ppm, 1*2 to 1.7 wt% tin, and the remainder zirconium. 

The addition of 0.5 to 2.0 wt% niobiiim, up to 1.5 wt% 
tin and up to 0.25 wt% of a third alloying element to zirconium 
alloys for purposes of corrosion resistance in the reactor core 
is suggested in U.S. Patent No. 4,649,023 as part of a teaching 
for producing a microstructure of homogeneously disbursed fine 
precipitates of less than about 800 A. The third alloying 
element is a constituent such as iron, chromium, molybdenum, 
vanadium, copper, nickel and tungsten. 

U.S. Patent No. 5,023,048 describes a fuel rod 
comprising a cladding tube having an inner tubular layer and an 
outer surface layer composed of differing zirconium alloys. The 
inner tubular layer is made from a conventional zirconium alloy 
such as Zircaloy-4. The outer surface layer is made from a 
zirconium alloy containing 0.35 to 0.65 wt% tin, 0.2 to 0.65 wt% 
iron, 0-09 to 0.16 wt% oxygen, and 0.35 to 0.65 wt% niobium or 
0.25 to 0.3 5 wt% vanadium. 

Recent trends in the nuclear industry include shifts 
toward higher coolant temperatures to increase thermal efficiency 
and toward higher fuel discharge burn*-ups to increase fuel 
utilization. Both the higher coolant temperatures and the higher ^ 
discharge burn-ups tend to dissolve second phase particles in 
conventional Zircaloys, and thereby decreasing the creep 
resistance of th s materials. Moreov r such conditions increase 
in-r actor c rr sion and hydrogen uptake. Unfortunately, when 
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the level of tin is lowered to improve corrosion resistance for 
these applications, the creep resistance of these materials is 
further degraded due to the loss of solid solution hardening • 

Accordingly, it is a continuing problem in this art to 
develop a zirconium alloy having superior creep strength, while 
providing good corrosion resistance as well as low neutron 
absorption, reduced hydrogen absorption by the alloy and good 
fabricability. 

SUMMARY OF THE INVENTION 

It is, therefore, an object of this invention to 
provide a zirconium alloy with vanadium precipitates which are 
stable with respect to neutron exposure as well as high 
temperature exposure. 

It is another object of this invention to provide a 
zirconium alloy having tin levels below that of conventional 
Zircaloys. 

It is an additional object of this invention to provide 
a zirconium alloy with an improved creep resistance while 
maintaining reasonable levels of low neutron cross section, 
corrosion resistance, low hydrogen uptake and good fabricability. 

It is an additional object of this invention to provide 
a zirconium alloy comprising vanadium (V) in a range of from a 
measurable amount up to 1.0 wt%, wherein either limit is typical; 
niobium (Nb) in a range of from a measurable amount up to 1.0 
wt%, wherein either limit is typical; antimony (Sb) in a range of 
from a measurable am unt up to 0.2 wt%, wherein either limit is 
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typical; tellurium (Te) in a range of from a measurable amount up 
to 0.2 wt%, wherein either limit is typical; tin (Sn) in a range 
of from a measurable amount up to 0.5 wt%^ wherein either limit 
is typical; iron (Fe) in a range of 0.2 to 0.5 wt%, typically 
0.35 wt%; chromium (Cr) in a range of from 0.1 to 0.4 wt%, 
typically 0.25 wt%; silicon (Si) in a range of 50 to 200 parts 
per million (ppm) , wherein either limit is typical; oxygen (O) in 
a range of from a measurable amount up to 2200 ppm, wherein 
either limit is typical; and the balance zirconium (Zr) . 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

The invention is based upon the theory that, because of 
its limited solubility, vanadium will precipitate as ZrV^ and 
that such precipitates will impart good creep resistance, resist 
coarsening, exhibit low hydrogen uptake, and be stable under 
neutron flux and at high burnups. Moreover, based on available 
creep data^"^ it is theorized that a complex alloy containing 
many alloying elements, both in solid solution as well as in 
stable second phase particles, should have superior creep 
resistance when compared to simple alloys. The reasons for 
selecting speciific levels of various alloying elements are given 
below, and the composition of the alloy according to an 
embodiment of the present invention is shown in Table 1. 

The zirconium alloy of the present invention, 
therefore, includes vanadium (V) in a rang of from a measurable 
amount up to 1.0 wt%, wher in either limit is typical; niobium 
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(Nb) in a range of from a measurable amount up to 1.0 wt% wherein 
either limit is typical; antimony (Sb) in a range of from a 
measurable amount up to .2 wt%, wherein either limit is typical; 
tellurium (Te) in a range of from a measurable amount up to 0.2 
wt%, wherein either limit is typical; tin (Sn) in a range of from 
a measurable amount up to 0.5 wt%, wherein either limit is 
typical; iron (Fe) in a range of 0.2 to 0.5 wt%, typically 0.35 
wt%; chromium (Cr) in a range of from 0.1 to 0.4 wt%, typically 
0.25 wt%; silicon (Si) in a range of 50 to 200 ppm wherein either 
limit is typical; oxygen (0) in a range of from a measurable 
amount up to 2200 ppm, wherein either limit is typical; and the 
balance zirconium (Zr) . 

Vanadium f in a range of from a measurable amount to 1.0 
wt%, is added as an alloying element to reduce hydrogen uptake. 
Moreover, due to the fact that the densities of zirconium and 
vanadium are very close to one another, precipitation of ZrVj 
should result in second phase particles that are coherent and 
will not coarsen or dissolve easily. Finally, additions of 
vanadium up to 0.4 wt% in zirconium- iron binary alloys has been 
shown to result In corrosion resistance superior to Zlrcaloy-4 .^^ 

Niobium, In an amount from a measurable amount to 1.0 
wt%, is added to Improve the corrosion resistance, to Improve 

li- 
the irradiated ductility, to reduce the hydrogen absorption, 

<; and to increase creep resistance of the new alloy .^^ In 

concentrations beyond 0.5 wt%, beta niobium will precipitate, 

with neutr n irradiation possibly causing additional 
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precipitation.^ Niobium also stabilizes irradiated dislocation 
structures with the formation of niobixim-oxygen radiation defect 
complexes. 

Antimony and tellurium, added in amounts ranging from a 
measurable amount up to 0.2 vt%, decrease the hydrogen uptake by 
the alloy. Since the densities of both antimony and tellurium 
are very close to that of zirconium, second phase particles, if 
they precipitate, will not coarsen easily. 

A decrease in the tin level below the 1.2 wt% lower 
limit found in Zircaloy-4 improves its corrosion resistance.^ 
However, the trend of the mechanical property data regarding the 
influence of tin content on the thermal creep of zirconium alloys 
at 400®C indicates that a decrease in tin level will degrade the 
creep resistance of zirconium alloys. The selected range of 
tin level of from a measurable amount up to 0.5 wt% requires that 
additional alloying elements be added to prevent such 
degradation. 

The corrosion resistance of Zircaloy-2 and iron alloys 
in both 360^C water and 400^0 steam depends on the iron level .^^^^ 
While the best corrosion resistance in 360^C water was observed 
with 0.45 wt% iron, the best corrosion resistance in 400 *>C steam 
was observed at 0.25 wt% iron. Therefore, iron is added in a 
range of from 0.2 to 0.5 wt%. In order to achieve good corrosion > 
resistance in both steam and water environments, a preferable 
intermediate value of 0*35 percent iron may be selected for the 
new alloy of the invention. 
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Chromium, in the range of 0,1 to 0.4 wt% and typically 
^ 0.25 wt%, is added to optimize the corrosion resistance of the 

, new alloy. 

Silicon, in a range of 50 to 200 ppm is added as an 
alloying element to reduce the hydrogen absorption by the alloy 
and to reduce variations in the corrosion resistance with 
variations in the processing history of the alloy. ^ 

Oxygen, in a range of from a measurable amount up to 
2220 ppm, is added as a solid solution hardening alloying 
element. 

As previously stated, zirconium is desirable as a bulk 
material due to its favorable neutron cross section, corrosion 
resistance, mechanical strength and fabricability. 

Thus, by its selected composition, the invention of the 
new alloy described in this disclosure achieves stable second 
phase particles, which impart good creep resistance, while 
maintaining low neutron cross section, good corrosion resistance, 
reduced hydrogen absorption and good fabricability. The exposure 
of known zirconium alloys to a water reactor environment results 
in irradiation damage to the second phase particles. This 
reduces the creep resistance of the irradiated alloys. Moreover, 
by lowering the tin level to improve corrosion resistance, ere p 
resistance is likewise reduced. A new zirconium alloy, according 
to this invention, with optimum levels of vanadium, niobium, 

■> 

antimony, tellurium, iron, chromium, silicon, oxygen and tin is 
proposed to overcome thes problems. 
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TABLE 1 

Preferred Embodiment of the Zircon ium Allov 



Vanadium, wt:% 
Niobium, wt% 
Antimony, wt% 
Tellurium, wt% 
Tin, wt% 
Iron, wt% 
Chromium, wt% 
Silicon, ppm 
Oxygen , ppm 



Range Typical 

Measurable amount up to 1.0% same 

Measurable amount up to 1«0% same 

Measurable amount up to 0.2% same 

Measurable amount up to 0.2% same 

Measurable amount up to 0«5% same 

0.2 to 0.5% 0.35% 

0.1 to 0.4% 0.25% 

50 - 200 ppm same 

Measurable amount up to 

2200 ppm same 
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IN Tqg ciAIM? 

1. A zirconium alloy for use in light water nuclear core 
structure elements and in fuel cladding, which comprises a 
composition as follows: 

vanadium, in a range from a measurable amount up to 1.0 



wt%; 



wt%; 



wt% 



0.2 wt%; 



wt%; 



niobium, in a range from a measurable amount up to 1.0 
antimony, in a range from a measurable amount up to 0.2 
telluriim, in a range from a measurable amount up to 
tin, in a range of from a measurable amount up to 0.5 



iron, in a range of 0.2 to 0.5 wt%; 

chromium, in a range of 0.1 to 0.4 wt%; 

silicon, in a range of 50 to 200 ppm; 

oxygen, in a range of from a measurable amount up to 
2200 ppm; and 

zirconium, constituting the balance of said 
composition. 



* 2. The alloy as set forth in claim 1, wherein said 

chromi\im concentration is about 0.25 wt%. 

3. The alloy as set forth in claim 1, wherein said iron 
concentration is about 0«35 wt%. 
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4. A method of making a zirconium alloy comprising the 
steps of: 

providing a zirconiiim alloy having niobium, in a range 
from a measurable amount up to 1.0 wt%; antimony, in a range from 
a measurable amount up to 0.2 wt%; tellurium, in a range from a 
measurable amount up to 0.2 wt%; tin, in a range of from a 
measurable amount up to 0.5 wt%; iron, in a range of 0.2 to 0.5 
wt%; chromium, in a range of 0.1 to 0.4 wt%; silicon, in a range 
of 50 to 200 ppm; oxygen, in a range of from a measurable amount 
up to 2200 ppm; and zirconium, constituting the balance of said 
composition; and 

adding vanadium, in a range from a measurable amount up 
to 1.0 wt% as an alloying agent to reduce hydrogen uptake, 
increase corrosion resistance and provide stable second phase 
particles. 

5. The method as set forth in claim 4, wherein said 
chromium concentration is about 0.25 wt%. 

6. The method as set forth in claim 4, wherein said iron 
concentration is about 0*35 wt%. 
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